It has been stated that hypercapnia increases the permeability of the bloodbrain barrier to several compounds, e.g., trypan blue,' sulphate2 and iodinated serum albumin."' The experiments just cited have shown that during hypercapnia more of the substance under study has passed from blood into the brain tissue than in control animals, but such an effect could have been due to the expansion of the extracellular space rather than to an increased rate of penetration into a constant space. In the present work, this difficulty in interpretation has been avoided by presenting the solute first by way of the blood and, in a further series of experiments, by way of the cerebrospinal fluid. The solute chosen was 14C-labelled sucrose, which is probably mainly, if not entirely, confined to the extracellular space. If there is, indeed, a specific effect of the hypercapnia on the rate of passage of sucrose out of the blood into the brain, then the amounts passing in given time intervals should be greater than in control animals when a constant level is maintained in the blood. On the other hand, when a constant level is maintained in the cerebrospinal fluid, by ventriculo-cisternal perfusion, hypercapnia should cause no increase in uptake by brain, as compared with controls; in fact it should reduce the uptake a little because of the greater losses to the blood. If the effect of hypercapnia is to increase the extracellular space, then we may expect increased uptakes when the "4C-sucrose is presented by either route, especially at the longer time intervals. It will be shown in the following that hypercapnia does, indeed, increase the permeability of the blood-brain barrier to "4C-sucrose.
blood samples were withdrawn from a central ear artery catheter. Temperature was measured with a rectal thermometer.
Blood levels of 'C-labelled, sucrose were maintained to within 10-15% by a constant infusion of isotonic saline containing 0.2 ptc/ml., at a rate of approximately 0.25 ml/min., after an initial injection of 2 ml. saline containing 2 gc/ml. Blood samples for counting were withdrawn every 30 minutes during the 90 minute and 180 minute experiments, and every 15 minutes during the 45 minute experiments. Ventriculo-cisternal perfusion with a mock cerebrospinal fluid, (CSF), was carried out by the method described by Pollay & Davson,5 adapted to bilateral perfusion. During the 45 and 90 minute experiments the effluent perfusate was collected over 15 minute periods, and during the 180 minute experiments over 30 minute periods.
To derive the mean CSF sucrose concentration for calculating brain uptake, the mean of all the effluent perfusates was averaged with the value for the ingoing perfusion fluid.
Uniformly labelled "C-sucrose was obtained from the Radiochemical Centre, Amersham.
At the end of the experiment the rabbit was decapitated and bled. The brain was removed and lightly blotted free of blood and CSF, the choroid plexus was extracted and the brain homogenised. 1 g. aliquots of the homogenate were extracted in absolute alcohol, and 8 ml. of the supernatant were added to 10 ml. of a standard toluene liquid scintillator for counting in an automatic liquid scintillation counter (either Beckman CPM100 or Nuclear Chicago N700). Samples were counted to + 2% (S.D. of an observation) at an efficiency of approximately 33%.
The method of preparation and counting has been employed for some years in this laboratory and found satisfactory with respect to recovery of added labelled sucrose.
The degree of quench of each sample was measured by the external standard channels ratio method and found to be constant, so no quench correction was necessary.
The Sur-rey) . The results were corrected to the animal's rectal temperature, using the data of Rosenthal7 for pH, and that of Bradley, Stupfel, and Severinghaus8 for Pc02 and P02.
To ensure that the "4C-label remained on the sucrose molecule, samples of the 14C-sucrose stock, and both plasma and brain extracts from experimental animals were subjected to paper chromatography. This was performed using a Whatman 3 mm. paper, and a solvent phase consisting of ethyl acetate (60 ml.), pyridine (25 ml.) and water (20 ml.). Chromatograms were run for six hours and air-dried overnight. Samples of cold sucrose, fructose and glucose were run in parallel with the experiment material. The chromatogram was sectioned; the position of the '4C-sucrose was established by liquid scintillation counting, and those of the cold sugars by staining with o-dianisidine. 
RESULTS
Effect of hypercapnia on the volume of distribution of sucrose in brain.
Constant plasma sucrose levels
The results obtained when 14C-sucrose was presented by way of the blood are shown in Table 1 ; the measurements of uptake by brain have been expressed as volumes of distribution, i.e., the percentage of the volume of the brain that the measured amount of sucrose would occupy in a dialysate of plasma. It will be seen that the volume increases with time from 1.9% at 45 minutes to 6.0%o at 180 minutes in the control series. The values measured during the inhalation of 18%o CO2, 2.9%o at 45 minutes to 7.4%o at 180 minutes, were always significantly greater than in the control series. All values were corrected by subtraction of the appropriate intravascular volume derived from measurements with "Cr-labelled red cells.
Sucrose introduced by ventriculo-cisternal perfusion Table 2 shows the volume of distribution of sucrose when this was introduced by bilateral ventriculo-cisternal perfusion. This type of perfusion by- passes the normal resistance to diffusion of sucrose from the blood, i.e., the blood-brain barrier. It will be seen that in no case did hypercapnia increase the uptake of 14C-sucrose as compared with controls; the actual decrease observed at 180 minutes is what might be expected were the barrier between blood and brain more permeable, but it is not statistically significant. Estimation of the intravascular space using Cr-labelled red cells Table 3 shows the space measured in brain after intravenous injection of 51Cr labelled red cells five minutes previously. The values obtained represent the residual blood volume remaining in the brain after bleeding. There was no appreciable difference in the intravascular space between the control and hypercapnic rabbits, i.e., at 90 minutes the space was 0.4%o for the controls and 0.5% for the hypercapnic rabbits, and at 180 minutes the values were 0.5% and 0.7% respectively. Differential counts of red cells and plasma showed that there was no significant elution of 51Cr from the red cells in this time. Arterial pH, P002 and PO0
The results in Table 4 show the mean arterial pH, Pco2 and Po2 in each group of hypercapnic rabbits and in the control rabbits. The results in the control group represent the mean of all the control experiments. Each control experimental figure was obtained by taking the mean of the pH, Pco2 and Po2 at the beginning and end of the experiment. The arterial Po2 of the animals breathing 18%o CO2 was found to be significantly higher than that of the controls.
Paper chromatography of the '4C-sucrose Paper chromatography was performed to ensure that the 14C-label remained on the sucrose molecule. It was found that the counting peak invariably coincided with the stain for the cold sucrose, both in the stock solutions and in the blood and brain homogenate of the experimental animals. The peak of radioactivity was extremely sharp and without shoulders. No other peaks of radioactivity were found, indicating that the sucrose had not been metabolised.
DISCUSSION
When sucrose was infused intravenously, so as to maintain a constant plasma level, its volume of distribution in the rabbit brain was always found to be increased during the inhalation of 18%o CO2. If the '4C-sucrose was presented to the brain by ventriculo-cisternal perfusion, the volumes of distribution were not significantly different in hypercapnic and control rabbits. These observations indicate an increased permeability of the bloodbrain barrier to sucrose during hypercapnia.
A rise in arterial Pco2 is known to increase cerebral blood flow,9 and to cause dilatation of the cerebral vessels."0 Clemedson, Hartelius and Holmberg' reported frank perivascular haemorrhages in the brain of guineapigs, rabbits, and cats exposed to high concentrations of CO2. The observed increase in the volume of distribution of sucrose after intravenous infusion of sucrose could be accounted for, either by an increased intravascular component of the ECS, due to dilatation of vessels, or by haemorrhage into the brain substance with a consequent leak of sucrose. Both possibilities are excluded by the measurements made of the intravascular volume remaining after decapitation and bleeding, using 51Cr-tagged red cells; no significant difference was observed between the control and hypercapnic rabbits. The arterial Po2 in the control rabbits was lower than in those breathing CO2. It has been shown8"' that severe hypoxia may increase the permeability of the blood-brain barrier. However, the degree of hypoxia that was found to affect the blood-brain barrier was greater than that observed in the control rabbits in these experiments. It is unlikely, therefore, that the observed difference in Po2 between the two groups could influence the findings; if this were so, it would lead to an underestimate of the effect of hypercapnia by increasing the uptake by the control animals.
These experiments do not indicate the mechanism that allows greater penetration of sucrose into the brain during hypercapnia. The effect of CO2 on the permeability of the blood-brain barrier appears to be reversible,""' which would suggest that the effect may be related to the actions of CO2 on the cerebral circulation, either by causing vaso-dilatation or an increase in blood flow. It would appear unlikely that cerebral blood flow could be a limiting factor in the entry of a relatively slowly diffusing substance like sucrose into the brain, although in the case of a more rapidly penetrating molecule it might well be significant.
Dilatation of the cerebral capillary bed, secondarily to arteriolar dilatation, could affect permeability in two ways; first, the area available for diffusion would be greater, and second, the number of pores available for exchange between blood and ECS might be increased. Cutler and Barlow' showed that CO2 did not cause a uniform vasodilatation throughout the brain. Assessment by means of autoradiography of the areas that had the greatest protein leak showed that there was a constantly inverse relationship between protein leak and vasodilatation. The high levels of hypercapnia required to obtain a significant effect on permeability, compared with the sensitivity of the cerebral vasculature to an increase in Pco2, strongly suggest that the effect may be due to changes other than simple vasodilatation. 1 . The influence of hypercapnia on the uptake of 14C-sucrose by the brain has been investigated.
2. The inhalation of 18% CO2 increased uptake of sucrose by the brain when the sucrose was infused intravenously. When the penetration of sucrose was studied during ventriculo-cisternal perfusion, there was no significant effect of hypercapnia on the uptake.
3. It is concluded that hypercapnia causes a genuine breakdown of the blood-brain barrier rather than merely increasing the volume of the extracellular space.
